p53 is the major mediator of the tumor suppressor response. It participates in apoptosis and senescence and can respond to DNA damage. As a crucial sequence-specific transcription factor, p53 regulates the expression of many genes, such as small noncoding RNAs (ncRNAs), microRNAs, and long ncRNAs (lncRNAs). Given the emergence of novel and high-throughput sequencing technologies, many lncRNAs have been discovered. LncRNAs may function as vital gene regulators in a variety of biological processes through extensive mechanisms. Recently, lncRNAs have been demonstrated to be associated with the p53 regulatory pathway. In this review, we discuss the current and fast growing knowledge about the influence of lncRNAs to the p53 signaling pathway, the different mechanisms by which they affect gene expression in cancer. Our findings show that p53-associated lncRNAs may be used as biomarkers for cancer diagnosis or targets for disease therapy.
Introduction
The development of RNA-Seq and microarray technology has revealed the marvelous complexity of the human transcriptome [1, 2] . The proportion of genome is less than 2% of the human genome, of which nearly 75% is energetically transcribed into noncoding RNAs [1] . Among these RNAs are lncRNAs [3] . They are longer than 200 nucleotides (nt), mostly have no protein-coding potential, and are transcribed by RNA polymerase II in a similar manner to mRNAs [4, 5] . Compared with known microRNAs (miRNAs) and Piwi-interacting RNAs, which regulate gene expression by base pairing with their targets. Some of the definite mechanisms of how lncRNAs regulate gene expression are still unknown, but some we have known [6] [7] [8] . Although the function of 15,941 lncRNAs (ENCODE v24), which are transcribed from the human genome, is unclear, an increasing number of evidence imply that many lncRNAs are continually dysregulated in numerous cancers [9] and can regulate vital cellular processes [10, 11] , including cellular proliferation, differentiation, development, and genomic stability [12] [13] [14] [15] [16] [17] [18] [19] .
The function of lncRNAs mainly includes four archetypes of molecular mechanisms. First, the expression of lncRNAs can serve as markers of gene regulation in space, time, developmental stage, and expression [20] . Second, lncRNAs act as decoys and can bind and titrate transcription factors and other protein targets without acting as a "molecular sink" for RNA binding proteins (RBP) or as a sponge for miRNAs [21, 22] . Third, lncRNAs can serve as guides for recruiting ribonucleoprotein complex to target genes and regulate distant gene expression in trans [23] or neighboring gene expression in cis [24] [25] [26] . Fourth, as scaffolds, lncRNAs can bind unique effector molecules through diverse domains and Ivyspring International Publisher aggregate proteins, which may have transcriptional activating or repressive effects to form ribonucleoprotein complexes and regulate the expression of target genes in time and space [27, 28] . Also, some additional mechanisms may need to be further studied.
An increasing number of evidence shows that the expression of lncRNAs, which promoter regions were bound by p53, can drive p53-dependent reporter activity. Such activity requires the p53-binding motif to actively influence the p53 pathway, suggesting that lncRNAs are key functional components of the p53-dependent transcriptional pathway [4] . The master regulatory transcription factor p53 is the important DNA damage response (DDR) component and is mutated in more than 50% of human cancers. It is an excellent tumor suppressor. In response to stress, including replicative stress, oxidative stress, hypoxia, DNA damage, nutrient deprivation, and telomere shortening [29, 30] , p53 directly activates the transcription of many protein-coding genes. These genes can control numerous cellular processes, including the induction of cell cycle arrest, apoptosis, autophagy, and senescence and inhibition of invasion, migration, stemness, and metabolic reprogramming, which all together result in tumor suppression [29, 31] . As an important component of DDR, p53 activates a gene expression program to induce cell cycle arrest, leading to DNA repair or eliminating damaged cells via induction of apoptosis [32, 33] . Some specific lncRNAs can function as master gene regulators in the p53 signaling pathway or serve as p53 transcriptional targets. In this review, we provide an update on the role of lncRNAs on p53 regulation (induced or activated) in cancers, focusing on the mechanism of mutual regulation of p53 and lncRNAs.
P53 related lncRNAs that act as oncogenes
Oncogenetic lncRNAs that regulate p53 through MDM2
PVT1
The production of the MYC protein in 8q24-amplified cancer cells is positively correlated with PVT1 expression, and the PVT1 amplification number is co-enhanced in over 98% of MYC-copyincrease cancers [34] . PVT1 is a predictive indicator for colorectal cancer (CRC) and can inhibit CRC cell apoptotic capacity. Furthermore, PVT1 also promotes the growth and stem cell-like dimension of malignant hepatoma cells by promoting the expression of NOP2 nucleolar protein [35, 36] . PVT1 recruits EZH2 to the large tumor suppressor kinase 2 (LATS2) promoter and restricts LATS2 transcription. The novel formulation of LATS2 increases apoptosis and suppresses LAD cell proliferation via the MDM2-p53 pathway [37] . A previous study indicated that MDM2 could be bound to LATS2, which could suppress its E3 ligase movement and activate p53 [38] . The study showed that the expression of MDM2 was low. When LATS2 expression was high, the p53 expression was increased in non-small cell lung cancer (NSCLC) cells, corresponding to the intervention of si-PVT1 in NSCLC cells. PVT1 can partake in the MDM2-p53 pathway, which enhances p53 stimulation by inhibiting MDM2-driven p53 regression epigenetically [37] . Taken together, PVT1 might serve as new target for cancer diagnosis and therapy. The PVT1/p53/MDM2 signaling pathway was illustrated in figure 1.
ANRIL ANRIL, also designated as CDKN2B-AS1, is a long noncoding RNA that is involved in the repression of the INK4B-ARF-INK4A locus [39] . The ANRIL gene may share a bidirectional promoter because the 300 bp upstream of p14 ARF gene's transcription start site (TSS) was occupied with the 5′end of the first exon of the ANRIL gene. P14 ARF is a positive p53 regulator that inhibits MDM2-p53 interaction. The INK4b-ARF-INK4a locus is protected against DNA methylation in a poised conformation through binding the CpG island's CCCTC-binding factor, which overlaps with the ANRIL-p14 ARF promoters. Emerging evidence has shown that ANRIL can bind directly to the INK4b transcript and recruit polycomb repressor complex (PRC) 1 and 2, thereby negatively regulating the transcription of the entire INK4B-ARF-INK4A locus (including p15, p14ARF, and p16 genes) at the late stage of DNA damage response; such regulation allows the cell to return to normal upon completion of DNA repair and simultaneously modulates the p53 and pRb pathways [40] . The downregulation of ANRIL is associated with decreased proliferation [41] . Therefore, in other cancer types, the overexpression of this lncRNA may play a procarcinogenic role [42] [43] [44] . High ANRIL expression can be detected in the aggressive TNC subtype in the IBC series [40] . Moreover, the single nucleotide polymorphisms in ANRIL has been shown to be associated with diverse types of cancer and some degenerative diseases (such as type-2 diabetes and atherosclerosis). ANRIL overexpression induces CDKN2A/CDKNB/ARF under-expression in prostate cancer despite having a strong positive link between ANRIL and CDKN2A/CDKNB/ARF [45] . As p14 ARF binds to MDM2 and facilitates its degradation, the expression of p53 is upregulated. A previous study showed that the E2F1 transcription factor may cause the overexpression of ANRIL after DNA damage depending on ATM and that INK4B-ARF-INK4A was restrained by ANRIL overexpression at the late stage of DDR, forming a negative feedback loop to the DDR [46] .
The primary pathways that can regulate p53 contain the p14 ARF -MDM2-p53 axis [47] . The excellent tumor-suppressive INK4-ARF locus can encode p14ARF, which is a protein that can communicate with MDM2 and control its influence on p53, resulting in apoptosis or cell cycle arrest [48] . In rs2151280 TT patients, p14ARF can induce cell cycle arrest or apoptosis, which is dependent on p53 through inhibition of ARF-BP1. ARF-BP1 directly binds and ubiquitinates p53, thereby affecting the p53 cell cycle regulatory pathway in the nucleus. In melphalan therapy of patients carrying the rs2151280 TT genotype, the INK4-ARF locus may be reduced because of the overexpression of ANRIL, which may affect cell proliferation and apoptosis through diverse and unknown pathways. In ESCC, gastric cancer, and NSCLC [43, 49, 50] , increasing evidence shows the strong prognostic association between ANRIL upregulation and poor patient survival. Therefore, the original capacity of p53 protein may be influenced through the ANRIL-regulated p14 ARF -MDM2-p53 cascade ( Figure 1) . ANRIL probably plays a role in MM and clinical outcomes of melphalan-based treatment [51] . These data suggest that the expression of ANRIL should be considered to evaluate antitumoral drugs, in particular the BET bromodomain inhibitors.
Oncogenetic lncRNAs that regulate p53 stability

PURPL
PURPL is an intergenic lncRNA that can suppress basal p53 levels and is itself under p53 transcriptional control. Through RNA sequencing (RNA-seq), PURPL was found to be upregulated after DNA damage induced by doxorubicin (DOXO) for 16 h at a final concentration of 300 nM in a p53-dependent manner in HCT116, RKO, and SW48 cells. The mRNA and protein expression levels of several p53 target genes, including CDKN1A, MDM2, and TP53INP1, were upregulated due to the LincRNA-PURPL knockdown. In addition, basal PURPL loss resulted in the overrepresentation of p53 signaling and substantial increase in p53 transcriptional activity. PURPL-KO cells not only enhanced the basal p53 expression levels but also resulted in substantial growth defects in vitro. PURPL loss impaired tumor growth in vivo. Such loss also led to growth defects, hypersensitivity to DNA damage, and knockdown of p53. A remarkably decreased cell death was observed after p53 knockdown and DOXO treatment. PURPL loss partially restored the cell proliferation defect, indicating that the elevated basal p53 levels resulting from the loss play a role in growth defects and hypersensitivity to DNA damage. In DLD1-expressing mutant p53, the expression of PURPL was not upregulated after DNA damage, and p53RE mutation did not influence PURPL expression. However, unlike DLD1, when p53RE in PURPL was mutated in RKO and SW48, the basal and DOXO-induced PURPL expression levels were reduced. PURPL loss also upregulated the basal p53 levels in RKO and SW48, but not in DLD1.
However, PURPL does not result in a considerable difference in p53 mRNA expression levels in the presence or absence of DOXO, indicating posttranscriptional regulation. PURPL knockdown resulted in remarkable upregulation of p53-regulated p21 and TP53I3 mRNAs. RNA pull-down using biotinylated PURPL identified its interaction with MYBBP1A that occurred mainly in the nucleoplasm [52] [53] [54] . Moreover, HuR-RIP assays from UV-crosslinked HCT116 cells suggested that HuR directly binds to the ARE at the 3′ end of PURPL RNA [55] . RNA pull-downs using purified recombinant glutathione S-transferase-HuR confirmed that MYBBP1A is associated with PURPL RNA by directly binding to the adaptor protein (HuR). Silencing MYBBP1A expression resulted in decreased levels of basal p53 proteins and p21 mRNAs and increased proliferation in DOXO-treated cells. Therefore, an autoregulatory feedback loop seems to be present between p53 and PURPL ( Figure 2 ). In general, p53 activation can transcriptionally upregulate PURPL expression under basal conditions and after DNA damage; moreover, increased PURPL expression downregulates p53 protein levels through a novel negative feedback loop [56] . Therefore, PURPL may be toxic to cells when p53 is induced as unwanted for maintaining cellular homeostasis. Also, identifying and deter-mining the role of other PURPL targets in mediating the effects of this lncRNA will be necessary to fully understand how PURPL controls basal p53 levels and in determining its role in tumor initiation and progression.
Oncogenetic lncRNAs that regulate posttranslational modification of p53
MALAT1
MALAT1, also known as nuclear-enriched abundant transcript 2 or alpha, is a broadly expressed lncRNA with a length of ~8000 nt. MALAT1 was initially identified from early-stage NSCLC cells, indicating its potential as a prognostic sign for NSCLC metastasis [57] . After this discovery, many studies revealed that MALAT1 is a nuclear lncRNA that is highly regulated in various types of cancers, including endometrial cancer, breast cancer, and cervical cancer [58] [59] [60] . The overexpression of MALAT1 is related to hyperproliferation and metastasis in lung cancer [61] . The ectopic expression of MALAT1 promotes cell proliferation and enhances invasion and migration in nude mice. A recent study confirmed that MALAT1 downregulation by infolding an antisense oligonucleotide targeting it represses cancer metastasis through regulation of a group of metastasis-associated genes [62] . Recent study shows that MALAT1 regulates alternative RNA splicing of endogenous target genes through coordinating SR protein's phosphorylation levels [63] , or interacting with numerous splicing factors such as serine/ arginine-rich splicing factor 1 (SRSF1) and SRSF3 [15, 64] . Moreover, in HeLa cells, the activities of cell cycle genes are associated with MALAT1, which can communicate with unmethylated PC2 proteinmediated SUMOylation of E2F1 [65] . In human diploid fibroblasts, MALAT1 regulates cell cycle succession, and without it, the G1 phase cannot proceed [14] .
MALAT1 has also been implicated in regulating the activity of E2F1 transcription factor by modulating PC2. However, whether a reduction in E2F1 activity or activation of p53 can elicit cell cycle arrest remains unknown [65] . MALAT1 regulated PC2 to possess the activity of E2F1 transcription factor. Nevertheless, whether cell cycle arrest can be caused by the decrease in E2F1 activity or activation of p53 still remains to be elucidated. Time course experiments revealed that the double-stranded DNA damage response may result in the decrease of p53 upon MALAT1 depletion [14] .
The high-throughput quantitative proteomics analysis, RIP, electrophoretic mobility shift assay, and surface plasmon resonance revealed the interaction of MALAT1 with DBC1, which can regulate multiple biological processes, including DNA damage response, apoptosis, and tumorigenesis [66] . DBC1 can bind numerous epigenetic modifiers containing SIRT1, HDAC3, and methyltransferase SUV39H1 to modulate epigenetics [67, 68] . The reciprocity between DBC1's LZ domain and SIRT1's catalytic domain restrains the deacetylation of p53, which is the substrate of SIRT1. The 6918-8441 nt fragment of MALAT1 can bind the aa120-280 region of DBC1 involving the LZ domain and prevent the combination of SIRT1 and DBC1. Compared with control cells, MALAT1 overexpression can enhance the deacetylation activity of SIRT1 and downregulate the p53 acetylation level. This lncRNA suppressed the transcription levels of p53 target genes (p21, Bax, Puma, Stat3, Cyclin D, and Cyclin E). In summary, MALAT1 reduced p53 acetylation by interacting with DBC1 [69] . The checkpoint responses to DNA damage and activated anti-oncogenes of p53 may be enhanced by the acetylation of p53, improving its firmness and binding ability with low-affinity promoters [70] . The transcription level of MALAT1 could be inhibited by p53, which can directly bind to the two p53 binding motifs on the promoter region of MALAT1 in erythroid myeloid lymphoid cells. In general, p53 activation can decrease MALAT1 expression. The increased MALAT1 expression can suppress p53 through an inhibitory feedback loop, thus inhibiting cell proliferation and inducing cell apoptosis (Figure 2 ). 
Oncogenetic lncRNAs that Regulated by p53
GUARDIN
Array profiling revealed that lncRNA GUARDIN (RP3-510D11.2-1) is responsive to p53. This finding was validated by qPCR in TP53-null H1299 human lung adenocarcinoma cells. Furthermore, GUARDIN expression is increased due to the activation of DNA damage response with DOXO or overexpression of the oncogenic H-RAS V12 mutant in malignant cells and in untransformed adult foreskin fibroblasts [71] . In HCT116 cells expressing wild-type p53, GUARDIN downregulation induced decreased cell viability and caspase3 activation. The GUARDIN gene contains a p53-binding region in the promoter site, and its induction during the DDR is p53-dependent. The location of GUARDIN between the genes encoding miR-34a and hexose-6-phosphate dehydrogenase/glucose-1-dehydrogenase, which is part of the FRA1A fragile site, indicates its susceptibility to repression by genomic instability. Knockdown-induced apoptosis and senescence are commonly related with DDR activation and are typical manifestations of p53 responses to severe DNA damage [72] . Nevertheless, the influence of p53 downregulation on cell survival was not associated with GUARDIN inhibition even if it decreased the expression of GUARDIN. The pro-survival mechanism that was controlled through the p53 pathway was inhibited due to GUARDIN suppression. However, the integrated anti-survival signaling was not influenced. Meanwhile, p53 downregulation restrained anti-survival signaling [73] . Automatically regulated feedback loops between p53 and GUARDIN were found in a previous study. Furthermore, p53 regulates the expression of GUARDIN so as to influencing the function of GUARDIN, nevertheless, GUARDIN in turn keeps cells away from the cytotoxic impression of p53. By RNA pull-down using biotin-labeled GUARDIN followed by mass spectrometry, Wang Lai Hu et al., 2017 identified that BRCA1 and BARD1 are involved in homologous recombination (HR) associated with GUARDIN. GUARDIN also promotes the interaction between BRCA1 and BARD1 by operating as an RNA scaffold. GUARDIN knockdown upregulates the expression of TRF2, which along with TRF1 is directly responsible for double-stranded DNA binding [74] . Such binding was mediated through relieving miR-23a sequestration by GUARDIN. Similar to other lncRNAs, GUARDIN functions as an intrinsic molecular sponge for miRNAs [75] . Wang Lai Hu et al., 2017 also demonstrated that GUARDIN inhibition results in cell cycle arrest and apoptosis by downregulating TRF2 expression and initiating decreased activation of HR and NHEJ by BRCA1 [76] . Inhibiting HR and NHEJ can prevent chromosome end-to-end fusions to sustain genome stability. In summary, GUARDIN is a p53-regulated lncRNA and is essential for sustaining genome stability (Figure 3) . Also, a practical implication of GUARDIN is the potential application in cancer.
NEAT1
To search for new target genes of the p53 tumor suppressor pathway, the authors utilized p53 ChIP-seq and RNA-seq in wild-type mouse embryonic fibroblasts (MEFs) treated with doxorubicin, and identified the long noncoding RNA (lncRNA) NEAT1 [77] . NEAT1 is a fundamental constituent of paraspeckle nuclear bodies, which is usually induced by mouse and human p53 in different cell types and NEAT1 is a direct transcriptional target of p53. Recent studies on NEAT1 in cancer have demonstrated that NEAT1 can promote the tumorigenesis and the high level of NEAT1 is in positive correlation with poor prognosis in diverse types of cancer [78] [79] [80] . Also, NEAT1 can increase cell proliferation and migration of human cancer cell lines and act as an oncogene in mice subjected to the DMBA-TPA skin carcinogenesis protocol [81] . In NEAT1 KO mice, the formation of paraspeckle were blocked and induced the preneoplastic cells sensitive to double-strand break (DSB) and cell death and impaired skin tumorigenesis. Mechanistically, NEAT1 may activate the ATR-CHK1 signaling in response to replication stress through mediating paraspeckle assembly. Interesting, there is an auto-regulatory negative feedback loop that weaken oncogenedependent activation of p53 between p53 and NEAT1. P53 accelerates the expression of NEAT1 to promote paraspeckle formation and NEAT1 paraspeckle nevertheless inhibited p53 activity [81] .
However, some evidences confirmed that NEAT1 might also function as tumor suppressor [82, 83] . NEAT1 is essential to restrain transformation in response to oncogenic signals and cancer initiation on the basis of the function of NEAT1 in differentiation. NEAT1 deficiency enhances both transformation in oncogene-expressing fibroblasts and pancreatic cancer initiation and facilitates the advance of pancreatic intraepithelial neoplasias (PanINs) and cystic lesions reminiscent of intraductal papillary mucinous neoplasms (IPMNs) in KrasG12D-expressing mice [82] . The loss of NEAT1 in oncogeneexpressing fibroblasts may promote neoplasia and result in global changes in gene expression. Additionally, low expression of NEAT1 may result in poor prognosis in diverse cancers types [83] .
NEAT1 targeting aggravates the vulnerability of human cancer cells to genotoxic chemotherapeutics, including PARP inhibitors through enhancing the sensitivity of cancer cells to respond to S-phase checkpoint activation. Moreover, NEAT1 targeting can also induce synthetic lethal with nongenotoxic reactivation of p53 due to the feedback loop with p53. These data further illustrate that the sensitivity of an extensive series of human cancers cells to chemotherapy or tumors expressing WT or mutant p53 to p53 reactivation therapy may be enhanced by NEAT1 targeting [82] .
P53 related lncRNAs that act as tumor suppressors
lncRNAs that regulate p53 through MDM2 and act as tumor suppressors
LOC572558
LOC572558 was identified via microarray of four pairs of human bladder cancer and matched normal bladder tissues in a previous study. In this study, the authors observed that the expression levels of LOC572558 were markedly linked with p53, bladder cancer, cell cycle, propanoate metabolism pathway, and gene expression in the bladder cancer group compared with the normal tissue group, indicating that LOC572558 might participate in the carcinogenesis and progression of bladder cancer [84] .
The LOC572558 gene is located in chr9q13 and contains 2,652 nucleotides. Further researches implied that LOC572558 may function as a tumor negative regulator to modulate the p53 signaling and cell cycle pathway in bladder cancer (Figure 1) . Furthermore, the lncRNA may serve as a therapeutic target in bladder tumor. Yiping Zhu et al., 2017 perform a phosphoprotein antibody array to recognize the proteins from bladder carcinoma cells after LOC572558 overexpression. They discovered that some proteins for cell proliferation, migration, invasion, and apoptosis were discrepantly phosphorylated after LOC572558 overexpression. Western blot analysis confirmed that the upregulation of LOC572558 caused the decreased phosphorylation of Akt and MDM2 and enhanced phosphorylation of p53. Yiping Zhu et al., 2017 confirmed that LOC572558 upregulation can inhibit proliferation due to the increase of p53 signaling pathway in bladder cancer [85] . However, the specific mechanisms of how LOC572558 regulates p53 phosphorylation are still unknown.
LncRNA-PRA
LncRNA-PRA is a lncRNA located at chromosome 17p13.1. Genomic alterations of lncRNA-PRA have been found to be associated with the decreased survival rate of HCC patients. Through cytogenetic studies and array-based profiling, researchers have observed genomic variations of cancer cell samples. Recurrent SCNVs have been recognized through targeted exome capture and may be related with cancer [86] . LncRNA-PRA was distinguished by published (GSE38323) and lncRNA expression microarray data (GSE27462) in a previous study [87] . To eliminate germline CNVs, the authors of the study measured the periodicity of SCNVs (Somatic copy number variations) in hepatocellular carcinoma by subtracting SCNVs from paired non-tumor liver tissues. In this study, lncRNA-PRAL was transcribed with a poly A+ tail and localized to the cytoplasmic and nuclear regions by RNA fluorescence in situ hybridization. The overexpression of lncRNA-PRA in HCCLM3 and SMMC-7721 cells can promote cell apoptosis and inhibit cell proliferation. However, in p53-deficient (Hep3B) or p53-mutant (Huh7) HCC cells, lncRNA-PRA was under-expressed. LncRNA-PRAL may directly bind to HSP90 in vitro, and the HSP90-p53 interaction increased in SMMC-7721 cells, thereby overexpressing lncRNA-PRAL [88] . Furthermore, the ectopic expression of lncRNA-PRAL in SMMC-7721 cells substantially increased the protein levels of p53 but did not affect the RNA levels. Moreover, it stimulated the upregulation of apoptosis related to p53 target genes (BAX, PUMA, NOXA, and FAS). The mechanism of p53 regulation by lncRNA-PRAL is unclear. However, subsequent findings showed that the combination of HSP90 and p53 was promoted by the three stem-loop motifs of lncRNA-PRAL at the 5′ end. The p53-MDM2 interaction is decreased with increased HSP90-p53 interaction in lncRNA-PRAL-overexpressed SMMC-7721 cells. These results revealed that lncRNA-PRAL can considerably suppress the MDM2-dependent ubiquitination of p53. However, the specific mechanism needs further investigations.
LncRNAs that regulate p53 stability and act as tumor suppressors
MEG3
The segmental DLK1-MEG3 locus is located at human chromosome 14q32 and at mouse chromosome 12 [89] . This locus was thought to be a tumor inhibitor [90] . MEG3 can be expressed aberrantly in diverse cancer types, including bladder tumor, glioma, and hepatocellular carcinoma [91] [92] [93] . The tumor grade of meningioma is associated with the expression level of MEG3 [94] . In NSCLC cells, the MEG3 levels are high. MEG3 regulates cell proliferation and apoptosis in a p53-dependent manner [95] . Furthermore, it can function in a p53-dependent and independent manner. The overexpression of MEG3 RNA in MCF7 cells can transcriptionally downregulate the mRNA levels of MDM2 without p53. Accordingly, the mRNA levels of p53 are stable, but its protein levels are increased, suggesting that the stability of p53 may be modulated through indirect transcriptional management of MDM2 by MEG3 ( Figure  1 ). Chromatin immunoprecipitation (ChIP) assay demonstrated that MEG3 RNA can bind to the promoter region of its target gene (p21) to accumulate p53 [96] . MEG3 overexpression can motivate the expression of the GDF15-p53 target by enhancing the p53 binding to the p53 response element in its promoter region. MEG3 is not correlated with the p21 level in HCT116 cells.
As shown in Figure 1 , the MDM2 level can be downregulated by MEG3 overexpression, and this may be one of the mechanisms whereby MEG3 can influence p53. However, the specific mechanism underlying the modulation of p53 by MEG3 is unclear. Further studies are needed to investigate whether MEG3 directly interacts with MDM2 and p53 and regulate their expression or indirectly modulate p53 via MDM2 [97] . These data suggested that MEG3 non-coding RNA may function as a tumor suppressor, whose action is mediated by both p53-dependent and p53-independent pathways.
DINO
The DINO lncRNA was identified in a study where the authors discovered a DNA-damage-induced transcription unit upstream of CDKN1A in screening for transcribed regions in human cell cycle promoters by ChIP [98] . DINO is a 951-base RNA transcribed divergently from CDKN1A by RACE and is situated adjacent to a p53-binding site. In human fibroblasts, the induction of DINO was abrogated due to the downregulation of p53 expression. Only TP53-null H1299 human lung adenocarcinoma cells together with wild-type p53 can induce DINO; the p53 mutant obtained from cancer-prone Li-Fraumeni syndrome did not exert any effects. In the eight inspected categories, DINO may be an underlying conserved transcriptional responding to DNA damage [55] . DINO participates in regulating cell cycle arrest in response to DNA damage. Human osteosarcoma U2OS cells with DINO knockdown can continue dividing by a greater degree than DINO-perfect cells in response to DNA damage. Moreover, genes that are influenced by DINO depletion, such as emblematic p53-responsive genes CDKN1A, DDB2, and GADD45A, may fail to respond to DNA damage. Using the assay of transposase accessible chromatin by sequencing, a previous study revealed that DINO-depleted human fibroblasts decreased the chromatin approachability in isogenous p53 binding sites [99] . The authors showed that DINO depletion abrogated the binding capacity of p53 with its isogenous target genes, including CDKN1A and attached genes, by using chromatin immunoprecipitation (ChIP) and quantitative PCR (qPCR). DINO can better interact with recombinant purified p53 than PRC2. A discrete DINO domain can be combined with the p53 C terminus that also participates in massive posttranslational revisions. Chromatin isolation by RNA purification revealed that the p53 target genes, namely, CDKN1A, GADD45A, and DDB2, were integrated with DINO at the p53 binding elements. Cycloheximide chase assay showed that without DINO binding to p53, the p53 protein stability and p21 protein levels induced by DNA damage were decreased even with the preservation of p53 phosphorylation at Ser9. Furthermore, DINO overexpression can stimulate DNA damage signaling and stabilize p53. A set of p53 target genes, such as RRM2, DDB2, and GADD45A, were induced by DINO through RRM2, DDB2, and GADD45A [100] .
A previous study found that p53 protein expression levels can regulate the organism's reaction to DNA damage and lethal irradiation [101] . The authors surmised that DINO depletion in mice may be prone to tumors such as Trp53 +/− and epi-allelic p53 hypomorphs [101] . They found that the response of mice and cells with Dino depletion are phenotypically analogous to that of Trp53 +/− mice following serious DNA damage. In MEFs, Dino influences DNA damage-derivable genes independently of p21. Furthermore, Dino can directly interact with p53 and affect its stability in MEFs similar to human cells. The MEFs with Dino promoter depletion weaken the DNA damage induced by cell cycle arrest, and the cells may continue to proliferate without replicative senescence compared with DINO-proficient cells.
In summary, as shown in Figure 2 , DINO can interact with p53 protein and functionally regulate the p53 signaling response to DNA damage, analogous to the maternally imprinted lncRNA MEG3, which can upregulate the activity of p53.
LncRNAs that Regulated by p53 and act as tumor suppressors
PANDA PANDA (p21 associated ncRNA DNA damage activated) is a non-spliced 1.5-kb ncRNA and located approximately 5 kb upstream of the CDKN1A TSS and evolutionarily conserved. PANDA was identified from 216 transcribed regions encoding putative lncRNAs that recognized from an ultrahigh-density array involving the promoters of 56 cell cycle genes in 108 samples representing diverse perturbations. Also, the expression of these lncRNAs is associated with specific oncogenic stimuli, stem cell differentiation or DNA damage [98] . The p53 binding site was located at the upstream of the CDKN1A TSS that was demonstrated by CHIP analysis [102] . Knockdowning p53 can inhibit the induction of PANDA after DNA damage; however, the down-regulating CDKN1A has no influence on PANDA expression. Human primary breast tumors with inactivating mutation in TP53 show lower expression of PANDA expression [103] . Moreover, reintroducing wild-type p53 into p53-null H1299 lung carcinoma cells can restore DNA damage-inducible expression of PANDA. Knocking down PANDA can significantly induce numerous genes involved in apoptosis including APAF1, BIK, FAS and LRDD. PANDA interacts with the nuclear transcription factor NF-YA and consequently blocks binding of NF-YA to the chromatin to restrict NF-YA activation of apoptotic gene expression program [98] .
Cellular senescence can limit the proliferation of pre-cancerous cells through a stable cell cycle arrest. PANDA may be identified as a 'locking device' that keeps cells in proliferative state. PANDA could interact with scaffold-attachment-factor A (SAFA) to recruit polycomb repressive complex (PRC) proteins BMI1-PRC1 and EZH2-PRC2 to repress the senescence-promoting genes in proliferating cells [104] . In senescent cells, SAFA-PANDA-PRC interactions are disrupted and PANDA sequesters the transcription factor NF-YA from occupying E2F/ NF-YA target gene promoters to inhibit the expression of proliferation-promoting genes regulated by E2F [104] . Moreover, the expression of PANDA in HCCs is remarkable low and consistently the expression levels of SAFA, BMI1 and EZH2 that are repressors of PANDA were increasing. Knocking down PANDA in U2OS cells could repress the protein level of p53 through reducing the stability of p53 protein without influencing the expression of p53 mRNA [105] . These results showed that PANDA might influence the p53 pathway to contribute to cancer development (Figure 3 ).
Conclusion and future perspective
In normal proliferating cells, the protein expression levels of p53, which serves as a master gene regulator, are low. Such levels are poorly regulated because the dysregulation of p53 may be harmful to the cells. The key role of p53, which is mutated or inactivated by multifarious mechanisms, including overexpression of MDM2 in more than 50% of all human cancers, is ascribed to its effect in maintaining cell homeostasis by activating genes that protect the genomic stability and survival of healthy cells and exhibit remarkable tumor suppressor activity. Many studies demonstrated the increasing importance and complexity of the p53 pathway. Recent studies focused on some new components and layers of regulation. For example, lncRNAs are referred to various biological progresses and often serve as effector molecules to coordinate transcription regulation containing p53 activity by interacting with epigenetic machinery and joining the p53 pathway [77, 106, 107] . On the one hand, lncRNAs are involved in the sophisticated regulatory system concerning the maintenance of p53 stability. On the other hand, the expression levels of lncRNAs are regulated by p53, and these lncRNAs can act as p53 effectors regulating cell cycle arrest, DNA damage repair, chromosomal stability, and apoptosis. The expression levels of lncRNAs in various cancers are low even after induction because of DNA damage and are usually dysregulated. However, for the substantial quantity of lncRNAs, we still want to increase our understanding of lncRNAs, which may function as crucial regulators of the p53 pathway, in order to expand the repertoire of p53 targets. LncRNAs can seclude transcription factors by serving as "molecular decoys" or "sponges" [108, 109] or by regulating specific gene expression in cis [110] or trans [111] by constituting ribonucleoprotein complexes.
In this review, we highlight only the role of some lncRNAs that are related to the mechanisms of the p53 pathway and its regulation to sustain p53 at a certain level or lncRNAs that serve as p53 effectors. The effect of lncRNAs on the regulation of p53 has been described in this review. Figures 1 , 2 and 3 present the summary of such effect. We have tried to categorize lncRNAs according to their individual regulatory mechanisms with p53. However, most transcripts adapt to numerous classifications, suggesting that lncRNAs may constitute crucial regulatory networks interacting with p53 to mediate its roles in driving many important cancer phenotypes. A clear distinction between oncogenic and tumor suppressor lncRNAs or p53-regulators and effectors cannot be made (Table 1) . Given the importance and complexity of the network linking lncRNAs, p53, and tumor suppressor response, lncRNAs may constitute considerable regulatory networks to coordinate multiple aspects of cancer progression. Therefore, an in-depth research on the regulatory mechanism of specific p53-regulated lncRNAs that may serve as p53-regulators and effectors might be essential for future clinical applications of lncRNAs. Many lncRNAs are exceptionally expressed in cancers. Thus, these lncRNAs may function as cancer biomarkers or potential therapeutic targets [112] . We can enhance our understanding of the localization, structure, and function of lncRNAs in cancer by detecting novel lncRNAs using new tools, which may help elucidate the role of lncRNAs in cancer. Furthermore, organismal models will be particularly important for clarifying the emerging physiological roles of lncRNAs in some central factors that are crucial for the connection between cancer cells and stromal cells, which support tumor growth and development.
